Bacterial urease, particularly from Proteus mirabilis, has been implicated as a contributing factor in the formation of urinary and kidney stones, obstruction of urinary catheters, and pyelonephritis. Weekly urine specimens (n = 1,135) from 32 patients, residing at two chronic-care facilities, with urinary catheters in place for .30 days yielded 5,088 phenotypically and serotypically diverse bacterial isolates at -105 CFU/ml. A total of 86% of specimens contained at least one urease-positive species, and 46% of 3,939 gram-negative bacilli were urease positive. For investigation of genetic relatedness of urease determinants, whole-cell DNA from 50 urease-positive isolates each of Providencia stuartii, Providencia rettgeri, P. mirabilis, Proteus vulgaris, and Morganella morganii were hybridized with a urease gene probe derived from within the urease operon of Providencia stuartii BE2467. The percentage of strains hybridizing with the gene probe was 98 for Providencia stuartii, 100 for Providencia rettgeri, 70 for P. mirabilis, 2 for M. morganii, and 0 for P. vulgaris. Electrophoretic mobilities of ureases from representative isolates revealed nine different patterns among the five species. The urease gene probe hybridized with fragments of HindIII-digested chromosomal DNA from all isolates except M. morganii. Fragment sizes differed between species. Molecular sizes of the enzymes, determined by Sephacryl S-300 chromatography, were found to be 280 kilodaltons (kDa) (P. mirabilis), 323 to 337 kDa (Providencia stuartii, Providencia rettgeri, P. mirabilis, P. vulgaris), 620 kDa (Providencia rettgerO, and >700 kDa (M. morganii, Providencia rettgerO). Kms ranged from 0.7 mM urea for M. morganii to 60 mM urea for a P. mirabilis isolate. In general, P. mirabilis ureases demonstrated lower affinities for substrate but hydrolyzed urea at rates 6-to 25-fold faster than did enzymes from other species, which may explain the frequent association of this species with stone formation.
Bacterial urease, an enzyme that catalyzes the hydrolysis of urea, yielding ammonia and carbon dioxide, has been implicated as a factor contributing to pyelonephritis (2, 10, 12, 20) , hepatic coma (23) , hyperammonemia (21) , inactivation of complement (1) , and urolithiasis (5, 6, 18 ; H. L. T. Mobley and J. W. Warren, manuscript submitted for publication). The aged, chronically catheterized patient has been found to be almost universally bacteriuric, usually with more than one species (16, 24, 25) . In a recent study by our group, 86% of weekly urine specimens from 32 such patients contained urease-producing organisms ( 42, 1986) . Overall, 46% of the gram-negative bacilli produced urease. In the long-term catheterized patient, bacterial urease represents a potential virulence factor that is produced by nearly half of the gram-negative bacteria present at -:105 CFU/ml of urine and may therefore represent a common pathogenic factor.
Although urease production is a common phenotype among isolates from urinary tract infection, certain species, such as Proteus mirabilis, are more often associated with struvite and carbonate-apatite stone formation (6) and pyelonephritis (20) by different biochemical characteristics (e.g., affinity for substrate and rate of hydrolysis) of the ureases produced by this species.
Only a few reports have appeared comparing the ureases of Proteus, Providencia, and Morganella species. Senior et al. (22) demonstrated that representatives of the genera of the Proteeae tribe produce ureases of different electrophoretic mobilities, but no molecular weights were calculated. Rosenstein et al. (19) also found that the molecular weights of single representatives of the Proteeae tribe differ and that Proteus morganii (now Morganella morganii) is more resistant to two urease inhibitors. The high molecular weights (all greater than 560,000) reported here, however, were not consistent with data from experiments described by Senior et al., who observed significant migration of enzymes through 6% polyacrylamide gels. Finally, Guo and Liu (7) found that M. morganii urease is serologically distinct from that of P. mirabilis, Proteus vulgaris, and Providencia rettgeri.
Because the enzymes from different bacterial species seem to possess different properties and because the few existing studies appear to provide conflicting information, we undertook a systematic comparison of the ureases of urinary tract isolates with respect to molecular weight, kinetics of urea hydrolysis, electrophoretic mobilities, isoelectric points, and genetic relatedness of these enzymes.
MATERIALS AND METHODS
Bacteria. Urine specimens were collected aseptically from 32 elderly patients with urinary catheters in place for 30 days. Bacteria at concentrations of 2105 CFU/ml of urine were identified to the species level by using the Minitek Enterobacteriaceae II System (BBL Microbiology Systems, Cockeysville, Md.) as previously described (16, 25) Marmur (14) .
Urease preparations. Bacteria were grown at 37°C with aeration in 100 ml of Luria broth (15) supplemented with 0.1% (wt/vol) urea after being autoclaved. Cells were harvested by centrifugation at 4°C, washed two times with 20 mM sodium phosphate, pH 6.8, suspended in 5 ml of 20 mM sodium phosphate, pH 6.8-5 mM dithiothreitol-1 mM EDTA, and ruptured in a precooled French pressure cell at 20,000 lb/in2. The lysate was centrifuged at 27,000 x g for 30 min, and the supernatant was removed with a Pasteur pipette and either used directly or stored in 1-ml portions at -70°C. Protein was determined by the method of Lowry et al. (11) by using bovine serum albumin as a standard.
Column chromatography. A urease preparation (1 ml; 10 to 15 mg of protein per ml) was loaded onto a Sephacryl S-300 column (100 by 2.5 cm) equilibrated with 20 mM sodium phosphate-0.02% sodium azide, pH 6.8. Fractions (3 ampholytes (pH range, 3.5 to 9.5; LKB). Gels were electrophoresed at a constant power setting of 3 W for 6 h and cooled with circulating ice water. The pH gradient was measured by using a surface electrode (Beckman), and the gel was equilibrated in 0.02% cresol red-0.1% EDTA. The point of migration of ureases (isoelectric point) was determined by immersion of the gel in 1.5% urea as described above for nondenaturing polyacrylamide gels.
RESULTS
To study genetic and biochemical diversity of ureases, two variables were examined for a large number of strains to select unique enzymes for more detailed analyses. Strains were examined for the ability of whole-cell DNA to hybridize to a urease gene probe derived from a Providencia stuartii strain. On the basis of the degree of hybridization, a series of isolates was used to determine the relative electrophoretic mobilities of the ureases on nondenaturing polyacrylamide activity gels. Isolates producing ureases with unique electrophoretic mobilities were then selected for characterization.
Hybridization with a Providencia stuartii gene probe. Whole-cell DNA from the species listed in Table 1 were used to prepare dot blots. Filters were hybridized with a 32p_ labeled Providencia stuartii urease gene probe under stringent conditions. The gene probe recognized homologous sequences with all but one urease-positive strain of Providencia stuartii (Fig. 1 ). Hybridizations were as strong as with Providencia stuartii BE2467, the strain from which the original recombinant clone was derived. The probe appeared to be specific, showing absolutely no hybridization with urease-negative Providencia stuartii strains ( Fig. 1 ; Table 1) or plasmid vector pBR322. Excellent hybridization (100% positive) also was seen with strains of the closely related species Providencia rettgeri. In addition, 70% of P. mirabilis isolates showed positive hybridization but generally gave a much weaker signal, probably indicating significant homology but to a lesser degree than for isolates of Providencia stuartii or Providencia rettgeri. Little d X-ray emulsion exposed, but not as dark as control DNA. e X-ray emulsion not exposed.
(strong, weak, or negative) within a species were examined for urease electrophoretic mobilities on nondenaturing activity gels. Mobilities of the enzymes were compared with that of the urease of Providencia stuartii BE2467. Nine isolates among the five species revealed unique urease patterns and were selected for further study (Fig. 2) . In all cases, a rapidly developing band appeared on the gels after incubation with urea followed by the appearance of more slowly developing bands. Phenotypes of isolates expressing unique ureases. To aid in interpretation of homology data, biochemical phenotypes were determined for the isolates with unique urease patterns ( Table 2 ). All isolates conformed to current taxonomic definitions (3, 9) . The four P. mirabilis phenotypes differed by phenotypic single reactions; one isolate utilized citrate, one was sucrose positive, and one did not exhibit swarming motility. The two Providencia rettgeri isolates differed in rhamnose fermentation.
Kinetics of urea iydrolysis. One index of diversity of enzymes is the relative affinity (Kin) for the substrate urea. Kms for the isolates with unique ureases were determined along with rates of hydrolysis at saturating urea concentrations ( Table 3 ). The enzymes of Providencia stuartii and Providencia rettgeri strains that gave positive hybridization had similar Km values, ranging from 9 to 12 mM urea, and were not significantly different. All four P. mirabilis strains produced enzymes with lower substrate affinities (two-to sixfold higher Kms) and significantly higher rates of hydrolysis than any other species (P < 10-5). M. morganii TA43 produced an enzyme with significantly higher affinity for urea than that of enzymes produced by other isolates. Hybridization with plasmid DNA. Plasmid DNA was isolated from each of the nine strains, electrophoresed, transferred to nitrocellulose, and hybridized with the 32P-labeled Providencia stuartii urease gene probe under stringent conditions. Although six of nine isolates carried plasmids of various mobilities, the probe hybridized only with the highmolecular-weight plasmid of Providencia stuartii BE2467 (16, 17) from which the probe was derived. In previous studies comparing ureases of Proteus, Providencia, and Morganella species, certain aspects of diversity were noted. In a serological study, cross-precipitation of ureases by antisera directed against urease preparations of P. vulgaris, (four strains), P. mirabilis, (three strains), M. morganii (three strains), and Providencia rettgeri (three strains) was reported. Guo (4, 16) . This theory is supported by the fact that identical copies of the Providencia stuartii urease gene appear to reside both on a conjugative plasmid and on chromosomal sequences in Providencia stuartii BE2467. The data presented here sutnmarize a systematic analysis of urease diversity in Proteus, Providencia, and Morganella isolates cultured from the urine of patients with urinary catheters in place for .30 days. The characterization of these enzymes gives clues to why the ureases of P. mirabilis may be more important virulence factors in urinary tract infection than the ureases of other common ureaseproducing species. Furthermore, the diversity observed among these three closely related genera suggests that the substrate specificity for urea may be one of the few similarities for an otherwise dissimilar group of proteins.
